Distant metastases, rather than the primary tumors from which these lesions arise, are responsible for >90% of carcinoma-associated mortality. Many patients already harbor disseminated tumor cells in their bloodstream, bone marrow, and distant organs when they initially present with cancer. Hence, truly effective anti-metastatic therapeutics must impair the proliferation and survival of already-established metastases. Here, we assess the therapeutic potential of acutely expressing the microRNA miR-31 in already-formed breast cancer metastases. Activation of miR-31 in established metastases elicits metastatic regression and prolongs survival. Remarkably, even brief induction of miR-31 in macroscopic pulmonary metastases diminishes metastatic burden. In contrast, acute miR-31 expression fails to affect primary mammary tumor growth. miR-31 triggers metastatic regression in the lungs by eliciting cell cycle arrest and apoptosis; these responses occur specifically in metastases and can be explained by miR-31-mediated suppression of integrin-a5, radixin, and RhoA. Indeed, concomitant re-expression of these three proteins renders already-seeded pulmonary metastases refractory to miR-31-conferred regression. Upon miR-31 activation, Akt-dependent signaling is attenuated and the proapoptotic molecule Bim is induced; these effects occur in a metastasis-specific manner in pulmonary lesions and are abrogated by concurrent reexpression of integrin-a5, radixin, and RhoA. Collectively, these findings raise the possibility that intervention strategies centered on restoring miR-31 function may prove clinically useful for combating metastatic disease.
Activation of miR-31 function in already-established metastases elicits metastatic regression
The great majority of cancer deaths result from distant metastases (Gupta and Massagué 2006) . Consequently, our ability to significantly reduce cancer-associated mortality is dependent on preventing or reversing metastatic disease. Agents that effectively target any step of the invasionmetastasis cascade-the complex, multistep process whereby tumor cells disseminate from their primary site of growth and then survive and thrive in an ectopic microenvironment-should, in principle, be capable of diminishing the incidence of metastases (Fidler 2003; Gupta and Massagué 2006) . However, clinical trials have indicated little anti-metastatic benefit conferred by compounds designed to block the escape of neoplastic cells from primary tumors (Steeg 2006; Smith and Theodorescu 2009) . This is likely due to the fact that the precursor cells of overt metastases often have already disseminated to distant organ sites by the time of initial patient diagnosis (Gupta and Massagué 2006; Nagrath et al. 2007; Pantel et al. 2008) . Indeed, such cells may be capable of disseminating quite early during the course of tumor progression (Hü semann et al. 2008 ).
These observations suggest that truly effective antimetastatic therapeutics must be capable of altering the behavior of already-disseminated tumor cells. Unfortunately, few examples of agents possessing these attributes have been identified. Instead, many anti-metastatic compounds currently in preclinical or clinical testing impede the initial dissemination of neoplastic cells without influencing the fate of established metastases (Steeg 2006; Smith and Theodorescu 2009) . For this reason, the development of novel therapeutics that impair the proliferation and survival of already-seeded metastases represents a topic of intense interest.
MicroRNAs (miRNAs) are crucial regulators of a variety of physiologic and pathologic processes, including tumor development and metastatic progression (Valastyan and Weinberg 2009; Ventura and Jacks 2009) . One such miRNA involved in carcinoma pathogenesis, miR-31, functions as a pleiotropically acting suppressor of breast cancer metastasis. When constitutively expressed, miR-31 impairs at least three distinct steps of the invasion-metastasis cascade: local invasion, one or more early post-intravasation events (intraluminal viability, extravasation, and/or initial survival in the parenchyma of distant tissues), and metastatic colonization (the outgrowth of micrometastases into macroscopic secondary lesions) (Valastyan et al. 2009a,b) . Hence, among other effects, constitutive miR-31 expression impedes the post-intravasation proliferation and survival of already-disseminated tumor cells. This prompted us to investigate whether acute activation of miR-31 in already-established breast cancer metastases might elicit anti-metastatic therapeutic responses in settings that mimic the circumstances encountered in clinically arising carcinomas.
Results

Acute miR-31 expression drives regression of established spontaneous lung metastases
In order to determine the consequences of expressing miR-31 in a temporally controlled manner, we used a doxycycline (dox)-inducible miR-31 expression vector system (Supplemental Fig. 1A ). As anticipated (Valastyan et al. 2009b) , when these vectors were introduced into otherwise metastatic MDA-MB-231 (231) human breast cancer cells, which are essentially devoid of endogenous miR-31 expression (Valastyan et al. 2009b ), we observed dox-dependent inhibition of several in vitro cell biological traits (invasiveness, motility, and resistance to anoikis-mediated cell death) that serve as surrogate markers of metastatic proficiency (Supplemental Fig. 1B-D) . These effects arose in the absence of altered in vitro proliferation kinetics and therefore did not represent cytostatic or cytotoxic influences (Supplemental Fig. 1E ). These findings established that our dox-inducible system closely recapitulated the known influences of constitutive miR-31 expression on malignant cellular behaviors in vitro.
We exploited this ability to precisely control the timing of miR-31 expression to gauge the impact of activating miR-31 function in already-seeded 231 cell lung metastases and primary tumors at various time points after implantation. Accordingly, we implanted the dox-inducible 231 cells orthotopically in the mammary fat pads of mice and activated miR-31 either (1) at no point during the experiment, (2) for the entire course of the 2-mo study, (3) only after relatively modest numbers of micrometastases had formed in the lungs at 1 mo post-implantation, (4) subsequent to the formation of large numbers of pulmonary metastases at 6 wk after implantation, or (5) only following the establishment of an overwhelming metastatic burden in the lungs at 7 wk post-implantation (Fig. 1A) . The consequences of acute miR-31 expression on primary mammary tumor development and metastatic progression in the lungs were then assessed.
Activation of miR-31 at any of the assayed time points failed to alter 231 cell primary mammary tumor growth (Fig. 1B) . The absence of an effect on primary tumor size did not arise due to failure of dox-mediated up-regulation of miR-31 (Supplemental Fig. 2) . Moreover, the miR-31 molecules produced upon dox treatment were indeed functionally active, as gauged by their ability to suppress the levels of three known (Valastyan et al. 2009b ) miR-31 downstream target genes: integrin-a5 (ITGA5), radixin (RDX), and RhoA (Supplemental Fig. 3) . Hence, miR-31 induction did not elicit general cytostatic or cytotoxic responses.
Despite the lack of changes in their overall sizes, histological examination of the orthotopically arising 231 cell primary mammary tumors revealed stark differences following miR-31 activation. Consistent with prior observations (Valastyan et al. 2009b) , 231 cells lacking miR-31 yielded primary tumors that displayed extensive histopathological evidence of local stromal invasion (Fig. 1C,D) . In contrast, primary tumors formed by cells that expressed miR-31 for the entire duration of the experiment had a well-encapsulated appearance and were largely noninvasive (Fig. 1C,D) .
Interestingly, if miR-31 was not expressed for the first month of the experiment in order to allow the formation of invasive, poorly encapsulated primary mammary tumors, and was then activated for the remainder of the study, the histological appearance of these primary tumors was converted from an invasive phenotype to one that was largely noninvasive (Fig. 1C,D) . Similarly, reversal of the invasiveness of 231 cell primary tumors was observed when miR-31 was acutely expressed in even more advanced primary lesions beginning at 6 wk post-implantation (Fig. 1C,D) . In contrast, however, no significant change in primary tumor histology occurred when miR-31 was expressed for only the final 7 d of the experiment (Fig. 1C,D) . These changes in invasiveness arose in the absence of alterations in the differentiation state of these primary tumors (Supplemental Fig. 4) . Together, these observations revealed that activation of miR-31 in established primary mammary tumors was capable of reversing their already-acquired invasiveness.
We also examined these various tumor-bearing mice in order to determine the effects of acute miR-31 expression on metastasis formation in the lungs. As anticipated (Valastyan et al. 2009b) , in the absence of miR-31 expression, 231 cells generated large numbers of pulmonary metastases within 2 mo of implantation (Fig. 1E,F) . Moreover, lung metastasis was strongly impaired when miR-31 was expressed for the entire duration of the assay (Fig.  1E,F) . Notably, if miR-31 was not expressed for the first month of the experiment-thereby permitting the establishment of micrometastases in the lungs-but was then activated for the remainder of the study, a substantial reduction in the number of pulmonary metastases was observed (Fig. 1E,F) . In contrast, expression of miR-31 only during the final 2 wk or final 1 wk of the experiment did not significantly reduce metastatic burden in the lungs (Fig. 1E,F) .
We reasoned that failure of miR-31 activation to diminish the incidence of pulmonary metastases at late time points in this assay could be attributable to either (1) a fundamental inability of acutely expressed miR-31 to alter the behavior of advanced and robustly growing Cold Spring Harbor Laboratory Press on August 10, 2011 -Published by genesdev.cshlp.org Downloaded from pulmonary metastases, or (2) ongoing large-scale tumor cell seeding of the lungs from the already-massive, orthotopically implanted primary mammary tumors present in these mice; such seeding may have masked the potential effects of miR-31 induction on alreadyestablished metastases.
To distinguish between these two possibilities, the doxinducible 231 cells were again orthotopically implanted into mice; however, we now surgically resected the primary mammary tumors 1 mo after implantation-a time point selected in order to ensure that initial dissemination of carcinoma cells to the lungs had already occurred. miR-31 expression was then induced at time points identical to those used in the preceding study, and pulmonary metastasis was again evaluated 2 mo post-injection (Fig. 2A) ; in addition, the overall survival of these animals was investigated. Notably, the final three induction time points in this assay occurred subsequent to resection of the primary tumors. Thus, in addition to allowing us to distinguish between the two alternative models proposed above, this intervention strategy more faithfully recapitulated the situation encountered in clinically arising carcinomas, where a patient's primary tumor is almost always surgically resected prior to initiating therapies designed to treat systemic metastatic disease (Steeg 2006) . Consistent with earlier observations, acute miR-31 expression did not affect 231 cell primary mammary tumor growth (Fig. 2B) . Also anticipated were our observations that the number of pulmonary metastases was strongly impaired when miR-31 was either expressed for the entire course of the study or activated immediately following primary tumor resection at 1 mo post-injection (Fig. 2C,D) . Importantly, anti-metastatic influences stemming from acute miR-31 expression were also observed when induction of this miRNA occurred only at later time points in the assay: Activation of miR-31 for either the final 2 wk or final 1 wk of the study sufficed to reduce metastatic burden in the lungs (Fig. 2C,D) . These observations therefore demonstrated that acutely expressed miR-31 was indeed capable of altering the behavior of robustly growing, already-established pulmonary metastases. Of note, miR-31 activation in these intervention assays sufficed to prolong the survival of these animals (Fig. 2E) . Assessed collectively, these experiments indicated that induction of miR-31 expression in both primary mammary tumors and established lung metastases was capable of evoking anti-metastatic therapeutic benefits.
miR-31 activation triggers regression of established experimental lung metastases
The orthotopic implantation protocol used above allowed us to gauge the effects of miR-31 activation on all steps of the invasion-metastasis cascade, including influences on the behavior of carcinoma cells present at their primary site of growth. However, we wished to further investigate the consequences of acutely expressing miR-31 exclusively in already-seeded metastases. To do so, we introduced the dox-inducible 231 cells into mice intravenously via the tail vein, a protocol that ensures that large numbers of cells are rapidly trapped in the lung microvasculature. In this setting, we activated miR-31 either (1) at no point during the study, (2) for the entire duration of the 3-mo experiment, (3) only after small pulmonary micrometastases had formed at 1 mo following implantation, (4) subsequent to the establishment of moderately sized macroscopic metastases in the lungs at 2 mo after injection, or (5) only after large macroscopic pulmonary metastases had developed at 11 wk post-implantation (Fig. 3A) . We then assayed the effects of miR-31 induction on metastatic burden and overall survival.
Consistent with prior findings (Valastyan et al. 2009b) , in the absence of miR-31 expression, 231 cells formed numerous macroscopic lung metastases within 3 mo of injection ( Fig. 3B-D) . Also, continuous miR-31 expression during the entire course of the experiment substantially impaired both the overall number of pulmonary metastases and their metastatic colonization efficiency (Fig. 3B-D) . These differences in metastatic potential were not attributable to (E) Kaplan-Meier curves depicting survival in this assay. n = 5. (Asterisks) P < 0.05 relative to rtTA-miR-31 cells (no dox treatment); P-value is based on a log-rank test. All error bars represent mean 6 SEM.
Therapeutic effects of miR-31 activation failure of dox-treated cells to become lodged initially in the lung microvasculature (Supplemental Fig. 5) .
Notably, if miR-31 was not expressed for the first month after injection in order to permit the formation of small pulmonary micrometastases by 231 cells, but was then induced for the following 2 mo of the experiment, strong anti-metastatic responses were still evoked ( Fig. 3B-D) . We also evaluated the consequences of activating miR-31 only in already-robustly growing macroscopic lung metastases. Remarkably, even when miR-31 was only expressed during the final 7 d of the experiment, significant reductions were observed in both the total number of pulmonary metastatic foci and the relative prevalence of macroscopic lung metastases ( Fig. 3B-D) . Of interest, miR-31 induction in these assays prolonged the survival of these animals ( Fig. 3E) . Hence, these data provided further evidence that activation of miR-31 specifically in established lung metastases elicited potent anti-metastatic therapeutic benefits.
We determined whether the responses evoked by miR-31 induction occurred only within metastases seeded to the lungs or, instead, also operated in metastatic lesions established at other sites of dissemination. Accordingly, we performed intracardiac injections on mice using the dox-inducible 231 cells, a protocol that allows injected cells to bypass initial trapping in the lung microvasculature and thus seed a variety of sites throughout the body. We then expressed miR-31 at various time points after injection (Supplemental Fig. 6A ). Interestingly, whereas miR-31 failed to impact the formation and colonization efficiency of liver metastases, activation of this miRNA in established bone metastases both diminished the overall number of metastatic foci and prevented the outgrowth of residual lesions into large macroscopic metastases (Supplemental Fig. 6B -E). In these assays, miR-31 expression prolonged the survival of these animals (Supplemental Fig. 6F ). Hence, the anti-metastatic responses triggered by miR-31 induction did not arise solely in metastatic foci seeded to the lungs.
Activation of miR-31 in established pulmonary metastases triggers metastasis-specific cell cycle arrest and apoptosis
We undertook to determine the cellular mechanisms underlying the profound anti-metastatic effects elicited by miR-31 induction. To do so, we performed immunohistochemical staining on tissue sections from animals bearing the dox-inducible 231 cells, surveying the expression of markers of neo-vascularization, cell cycle progression, and apoptosis.
miR-31 activation failed to impact vascular density within both primary mammary tumors and pulmonary metastases (Supplemental Fig. 7 ). However, regardless of the time point at which miR-31 was induced, increasing this miRNA's levels diminished the proportion of disseminated tumor cells in the lungs that were actively dividing ( Fig activation on cell cycle progression and apoptosis occurred to equivalent extents in large macroscopic pulmonary metastases and relatively smaller macroscopic metastatic lesions (Supplemental Fig. 9 ). Importantly, the observed anti-proliferative and proapoptotic responses in lung metastases were not attributable to general cytostatic or cytotoxic influences, since activation of miR-31 in 231 cell primary mammary tumors failed to impair cell cycle progression or promote apoptosis (Fig. 4E,F) . Hence, miR-31 was capable of using at least two distinct cellular mechanisms-induction of both cytostasis and apoptosis-to antagonize the metastatic outgrowth of already-disseminated tumor cells.
We proceeded to determine the relative temporal order of the molecular and phenotypic responses triggered by miR-31 activation-specifically, induction of (1) cytostasis, (2) apoptosis, and (3) pulmonary metastatic regression. Accordingly, we intravenously injected the dox-inducible 231 cells via the tail vein, allowed them to form macroscopic pulmonary metastases over a period of 12 wk, and then expressed miR-31 in these established macroscopic metastases for either (1) 0 
One day after induction, miR-31 increased the incidence of apoptotic tumor cells in the lungs; however, Therapeutic effects of miR-31 activation neither cytostasis nor a significant reduction in metastatic burden in the lungs was observed (Supplemental Fig. 10A-E) . By 2 d following dox treatment, miR-31 activation not only enhanced apoptosis, but also diminished both the overall number of pulmonary metastatic foci and the relative prevalence of macroscopic metastases; at this time point, cytostatic influences were still not observed (Supplemental Fig. 10A-E) . Finally, as anticipated, after 7 d of miR-31 expression, metastatic regression was once again observed, but was now accompanied by both apoptotic responses and cell cycle arrest in pulmonary metastatic lesions (Supplemental Fig. 10A-E) . miR-31 activation failed to impact vascular density at any of the assayed time points (Supplemental Fig. 10F ). Thus, miR-31-imposed metastatic regression was preceded by an elevated frequency of apoptotic cells in already-seeded pulmonary lesions, providing a mechanistic rationale for their observed diminution. In contrast, miR-31-dependent cytostasis occurred only at time points subsequent to the initial induction of metastatic regression in the lungs.
In light of the above-cited data, we posited that the few residual pulmonary metastases that persisted following dox administration might have succeeded in doing so by failing to appropriately up-regulate miR-31 expression in response to dox. We therefore performed in situ hybridizations against miR-31 to determine whether these residual metastatic cells still expressed miR-31 appropriately in response to dox. Indeed, the residual 231 cells that continued to grow in the lungs of mice exposed to dox for prolonged intervals were greatly impaired in their ability to properly induce miR-31 (Supplemental Fig. 11 ). Moreover, when the proportion of miR-31-expressing cells was compared between residual pulmonary metastases and the corresponding animal-matched primary mammary tumors subsequent to dox treatment, we found that a lower percentage of cells in the lung metastases expressed miR-31 (Fig. 4G,H) .
We wondered whether the growth advantage conferred by miR-31 loss in pulmonary metastases occurred specifically within the context of this in vivo microenvironment. To investigate this possibility, we assayed the effects of miR-31 activation in 231 cells that were isolated from the lungs of mice (Minn et al. 2005) . Induction of miR-31 in these cells ex vivo failed to trigger cytotoxic responses (Supplemental Fig. 12) . Moreover, cells obtained from lung metastases did not display augmented sensitivity in vitro to miR-31 activation-dependent modulation of anoikis, invasiveness, or motility (Supplemental Fig. 12) . Hence, the cytotoxic responses conferred by miR-31 induction depended on the residence of tumor cells within particular microenvironmental contexts.
Restoration of endogenous miR-31 function in established lung metastases reduces metastatic burden
It remained possible that metastatic regression evoked by miR-31 induction arose due to some peculiarity of either 231 cells or our expression vector strategy. To address these possibilities, we evaluated the consequences of acutely restoring endogenous miR-31 function in an independent breast cancer cell line. In these experiments, we used a dox-repressible modified miR-31 miRNA sponge vector system. miRNA sponges act as competitive inhibitors of miRNA activity by sequestering miRNAs of interest, thereby diverting them from their endogenous mRNA targets (Ebert et al. 2007; Valastyan et al. 2009b) .
The dox-repressible miR-31 sponge vector system was introduced into otherwise nonmetastatic MCF7-Ras human breast cancer cells. These cells normally express miR-31, and constitutive miR-31 sponge expression confers metastatic competence on them (Valastyan et al. 2009b ). miR-31 activity was impaired specifically in the absence of dox-mediated repression of the miR-31 sponge (Supplemental Fig. 13A ). As anticipated (Valastyan et al. 2009b) , this inhibition of endogenous miR-31 function enhanced various in vitro surrogate markers of metastatic capacity (invasion, motility, and anoikis resistance) without affecting cell proliferation (Supplemental Fig. 13B-E) .
When these dox-repressible miR-31 sponge-expressing MCF7-Ras cells were injected intravenously into mice via the tail vein, reactivation of endogenous miR-31 function in already-seeded pulmonary micrometastases reduced the total number of metastatic foci in the lungs and prevented the outgrowth of residual pulmonary lesions into large macroscopic metastases (Supplemental Fig. 14A-D) . These anti-metastatic influences were accompanied by prolonged survival of these animals (Supplemental Fig. 14E ). Moreover, restoration of endogenous miR-31 activity in established lung metastases induced both cell cycle arrest and apoptosis (Supplemental Fig. 14F,G) . These effects were not attributable to differing abilities of these cells to lodge initially in the lung microvasculature (Supplemental Fig. 15 ). Robust dox-dependent repression of the sponge persisted for the entire duration of the assay (Supplemental Fig. 16) . Hence, the anti-metastatic responses observed upon acute induction of miR-31 in already-seeded metastases did not arise solely in 231 cells, nor were these effects confined to experiments in which miR-31 was ectopically expressed.
Suppression of ITGA5, RDX, and RhoA can mediate miR-31-evoked regression of established pulmonary metastases
We sought to identify downstream effectors of miR-31 whose suppression by this miRNA might account for its anti-metastatic influences when acutely expressed. In prior work, we discovered that ITGA5, RDX, and RhoA are direct downstream targets of miR-31 whose concomitant restored expression sufficed to override the ability of constitutively expressed miR-31 to inhibit lung metastasis (Valastyan et al. 2009a,b) . In further support of the key roles of these effectors, we found that concurrent shRNA-conferred suppression of ITGA5, RDX, and RhoA closely phenocopied the anti-metastatic influences of constitutively expressed miR-31 . Guided by these studies, we assessed the ability of re-expressing ITGA5, RDX, and/or RhoA to alter the effects of miR-31 activation.
To this end, we created the 16 potential combinations of 231 cells expressing ITGA5, RDX, RhoA, dox-inducible miR-31, and/or the corresponding control vectors (Supplemental Fig. 17A,B) . In these experiments, the ITGA5, RDX, and RhoA constructs were rendered miRNA-resistant via deletion of their respective 39 untranslated regions. miR-31, ITGA5, RDX, and RhoA did not affect cell proliferation in vitro, ruling out nonspecific cytostatic or cytotoxic effects (Supplemental Fig. 17C ). As anticipated (Valastyan et al. 2009a) , individual re-expression of ITGA5, RDX, or RhoA reversed, at least partially, in vitro defects in invasion, motility, and anoikis resistance conferred by miR-31 induction; the extent of reversal was more pronounced when these effectors were re-expressed in pairwise combinations, and concomitant restored expression of ITGA5, RDX, and RhoA completely abrogated miR-31's effects on these phenotypes (Supplemental Fig. 17D-F) . ITGA5, RDX, and RhoA did not enhance these traits in 231 cells lacking miR-31 (Supplemental Fig. 17D-F) . Hence, re-expression of ITGA5, RDX, and RhoA could reverse the influences of miR-31 induction on in vitro surrogates of metastatic potential.
We wished to determine whether re-expression of ITGA5, RDX, and/or RhoA was also able to block effects stemming from activation of miR-31 in established pulmonary metastases and primary tumors. To do so, we orthotopically implanted the dox-inducible 231 cells reexpressing the various combinations of these effectors in the mammary fat pads of mice. miR-31 was then induced either (1) at no point during the 2-mo experiment or (2) only after lung micrometastases had formed at 1 mo postimplantation. The consequences of miR-31 activation on primary tumor development and pulmonary metastasis were then evaluated. miR-31, ITGA5, RDX, and RhoA did not affect 231 cell primary mammary tumor growth (Fig. 5A ). This lack of an effect on primary tumor size could not be ascribed to failure of dox-mediated up-regulation of miR-31 in the implanted cells or loss of their ability to continuously re-express ITGA5, RDX, and/or RhoA (Supplemental Fig. 18 ). (G) Kaplan-Meier curves for 295 human primary breast tumors depicting 5-yr metastasis-free survival, stratified based on coordinate differential expression of ITGA5, RDX, and RhoA; P-value based on a log-rank test. (H) KaplanMeier 5-yr survival curves for 295 breast cancer patients, stratified based on coordinate differential expression of ITGA5, RDX, and RhoA; P-value is based on a log-rank test. All error bars represent mean 6 SEM.
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We also investigated whether restoring ITGA5, RDX, and/or RhoA levels would prevent acutely expressed miR-31 from causing metastatic regression in the lungs. Of interest, individually re-expressing either ITGA5, RDX, or RhoA in 231 cells partially reversed the capacity of miR-31 activation to reduce pulmonary metastatic burden (Fig. 5B,C) . Simultaneous pairwise re-expression of any two of these miR-31 effectors resulted in only moderately additive effects in blocking miR-31-evoked metastatic regression (Fig. 5B,C) . However, concomitant re-expression of ITGA5, RDX, and RhoA completely abrogated the anti-metastatic influences of miR-31 induction in the lungs (Fig. 5B,C) . In contrast, ITGA5, RDX, and RhoA did not increase pulmonary metastasis in 231 cells lacking miR-31 (Fig. 5B-C) , consistent with prior work (Valastyan et al. 2009a ). Hence, ITGA5, RDX, and RhoA were functionally important downstream mediators of miR-31-imposed pulmonary metastatic regression.
We also wished to evaluate the influences of ITGA5, RDX, and/or RhoA on metastatic regression conferred by miR-31 induction in assays where these targets were re-expressed exclusively in already-established lung metastases. We therefore intravenously injected the doxinducible 231 cells re-expressing the various combinations of these miR-31 downstream effectors into mice. miR-31 was then induced either (1) at no point during the 3-mo experiment or (2) only after macroscopic pulmonary metastases had formed at 2 mo post-injection. The consequences of miR-31 activation on lung metastasis were then assessed.
We discovered that individual re-expression of either ITGA5, RDX, or RhoA partially blocked the capacity of miR-31 activation to diminish the number of 231 cell pulmonary metastases (Fig. 5D,E) . Similarly, pairwise reexpression of any two of these three miR-31 effectors resulted in partial reversal of the effects of acutely induced miR-31 on lung metastases (Fig. 5D,E) . Notably, concurrent restoration of ITGA5, RDX, and RhoA levels entirely prevented miR-31 activation from reducing the number of metastatic foci in the lungs (Fig. 5D,E) . As anticipated (Valastyan et al. 2009a ), ITGA5, RDX, and RhoA did not enhance pulmonary metastasis in 231 cells lacking miR-31 (Fig. 5D,E) .
In addition to the observed impact on the number of pulmonary metastases formed by 231 cells in this assay, we also evaluated the effects of ITGA5, RDX, and/or RhoA re-expression on lung metastatic colonization efficiency following miR-31 activation. Interestingly, individual re-expression of either ITGA5 or RDX, but not RhoA, increased the prevalence of macroscopic lung metastases upon miR-31 induction (Fig. 5F ). Moreover, while concomitant re-expression of ITGA5, RDX, and RhoA failed to enhance pulmonary metastatic colonization efficiency in 231 cells lacking miR-31, simultaneously restoring levels of ITGA5 and RDX sufficed to entirely override the capacity of miR-31 induction to diminish the prevalence of macroscopic lung metastases (Fig. 5F ). Collectively, the preceding studies revealed that the regression of already-established pulmonary metastases elicited by miR-31 could be attributed, in significant part, to this miRNA's capacity to regulate ITGA5, RDX, and RhoA.
Based on these findings, we ascertained whether concomitant differential expression of ITGA5, RDX, and RhoA was associated with disease progression in clinical breast carcinomas. To do so, we examined microarray data from 295 primary human breast tumors (van de Vijver et al. 2002) . Within this cohort, coordinate high-level expression of ITGA5, RDX, and RhoA was correlated with an increased propensity to develop metastases, as well as poor overall patient survival, relative to tumors containing low levels of these three proteins (Fig. 5G,H) .
ITGA5, RDX, and RhoA can control metastasis-specific cell cycle arrest and apoptosis evoked by miR-31 activation in established lung metastases
To investigate the cell biologic bases underlying the effects of ITGA5, RDX, and RhoA on pulmonary metastatic regression triggered by miR-31 induction, we used immunohistochemical staining to examine neo-vascularization, cell cycle progression, and apoptosis in tissue sections derived from orthotopically implanted animals bearing the various dox-inducible 231 cells.
miR-31, ITGA5, RDX, and RhoA did not alter vascular density within pulmonary metastases or primary mammary tumors (Supplemental Fig. 19 ). However, metastasis-specific cell cycle arrest evoked by miR-31 activation could be partially circumvented by re-expressing either ITGA5 or RhoA individually (Fig. 6A,B) . Additionally, combined restoration of ITGA5 and RhoA levels rendered the proliferation of disseminated tumor cells in the lungs entirely insensitive to miR-31 induction (Fig. 6A,B) . In contrast, RDX failed to reverse the cytostatic responses observed upon miR-31 activation in pulmonary metastases (Fig. 6A,B) . ITGA5, RDX, and RhoA did not enhance cell cycle progression in primary mammary tumors; moreover, ITGA5, RDX, and RhoA failed to augment the proliferation of 231 cells lacking miR-31 in the lungs (Fig. 6A,B ; Supplemental Fig. 20A ). Hence, ITGA5 and RhoA were capable of interdicting metastasis-specific cell cycle arrest imposed by miR-31 activation.
231 cells re-expressing either ITGA5 or RDX were less sensitive to the metastasis-specific apoptosis otherwise triggered by miR-31 induction (Fig. 6C,D) . Moreover, disseminated tumor cells in the lungs concomitantly reexpressing ITGA5 and RDX were completely refractory to the apoptotic responses elicited by miR-31 activation (Fig.  6C,D) . In contrast, RhoA failed to impair miR-31's ability to trigger apoptosis in already-seeded pulmonary metastases (Fig. 6C,D) . ITGA5, RDX, and RhoA did not alter the incidence of apoptotic cells in primary mammary tumors, nor did ITGA5, RDX, and RhoA affect apoptosis in lung metastases formed by 231 cells lacking miR-31 ( Fig. 6C,D;  Supplemental Fig. 20B ). Therefore, ITGA5 and RDX were able to inhibit metastasis-specific apoptosis mediated by miR-31 induction.
Given these results, we reasoned that the previously observed selection against miR-31 expression in disseminated carcinoma cells should be attenuated upon concurrent re-expression of ITGA5, RDX, and RhoA. Indeed, in situ hybridizations revealed that, in the absence of ITGA5, RDX, and RhoA re-expression, the proportion of miR-31-expressing cells was reduced in residual pulmonary metastases that persisted following dox treatment, relative to the percentage of cells that expressed miR-31 in animal-matched primary mammary tumors (Fig. 6E) . In contrast, however, simultaneously restoring ITGA5, RDX, and RhoA levels permitted the continued maintenance of miR-31 expression in these lung metastases at frequencies indistinguishable from those observed in the corresponding primary mammary tumors (Fig. 6E) . Hence, concomitant re-expression of ITGA5, RDX, and RhoA allowed ongoing miR-31 induction to be tolerated within lung metastases.
The Akt and Bim pathways are altered by miR-31, ITGA5, RDX, and RhoA in a metastasis-specific manner in established pulmonary metastases
We undertook to identify signal transduction networks operating downstream from miR-31 whose differential activation between primary mammary tumors and lung metastases might contribute to the metastasis-specific effects of this miRNA. To this end, we used immunohistochemical staining to examine the status of several prominent proliferation and survival pathways in tissue sections prepared from animals orthotopically implanted with the dox-inducible 231 cells.
Acute miR-31 expression failed to affect nuclear factorkB (NF-kB) function in both pulmonary metastases and primary mammary tumors (Supplemental Fig. 21 ). In contrast, activation of the Akt pathway was impaired in lung metastatic foci in response to miR-31 induction, but was maintained at normal levels in primary mammary tumors upon acute expression of this miRNA ( Fig. 7A,B ; Supplemental Fig. 22 ). These influences on Akt activation status did not reflect a more widely acting dampening of Ras-dependent signaling, as the functional output of two other major Ras effector pathways-involving the mitogenactivated protein kinase (MAPK) and Ral-guanine nucleotide exchange factor (RalGEF)-was insensitive to miR-31 induction (Supplemental Fig. 23 ). In addition to metastasisspecific inhibition of Akt-dependent signaling, miR-31 induction also resulted in enhanced protein levels of the proapoptotic molecule Bim in lung metastases but not primary mammary tumors (Fig. 7C,D; Supplemental Fig.  24) . Therefore, Akt activation and Bim protein levels were altered in a metastasis-specific fashion in response to miR-31 activation in pulmonary metastases.
None of the three Akt-encoding mRNAs is a computationally predicted direct target of miR-31 (Grimson et al. 2007 ). Indeed, levels of these three mRNAs were unaffected by miR-31 activation (Supplemental Fig. 25) . Consequently, it appeared that miR-31's influences on one or several Akt kinases were due to its effects on upstream regulators of these enzymes. In light of these observations, we considered the possibility that the Akt and/or Bim pathways might lie downstream from certain known miR-31 target genes. In particular, we determined whether Akt and Bim resided downstream from miR-31-dependent suppression of ITGA5, RDX, and/or RhoA. 
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To do so, we performed immunohistochemical staining on tissue sections derived from orthotopically implanted animals bearing miR-31-inducible 231 cells that re-expressed the various potential combinations of ITGA5, RDX, and RhoA.
The metastasis-specific attenuation of Akt function triggered by miR-31 induction could be partially reversed by re-expressing either ITGA5, RDX, or RhoA individually (Fig. 7E,F) . However, concomitant restoration of ITGA5, RDX, and RhoA levels entirely prevented miR-31 activation from diminishing Akt signaling in pulmonary metastases (Fig. 7E,F) . ITGA5, RDX, and RhoA failed to affect Akt activation in primary mammary tumors; moreover, ITGA5, RDX, and RhoA did not enhance Akt-dependent signaling in the lungs in 231 cells lacking miR-31 ( Fig.  7E,F; Supplemental Fig. 26A) . Hence, ITGA5, RDX, and RhoA were capable of collaborating to block the metastasis-specific inhibition of Akt signaling conferred by miR-31 activation in pulmonary metastases.
Metastatic 231 cells in the lungs re-expressing either ITGA5 or RDX were partially impaired in their capacity to induce levels of the Bim protein following miR-31 induction (Fig. 7G,H) . In addition, cells concurrently re-expressing ITGA5 and RDX completely failed to induce Bim protein levels in response to miR-31 activation (Fig. 7G,H) . In contrast, RhoA had no effect on the ability of miR-31 induction to up-regulate Bim in metastatic cells (Fig. 7G,H) . ITGA5, RDX, and RhoA failed to alter Bim protein levels in primary mammary tumors; also, ITGA5, RDX, and RhoA did not affect Bim expression in pulmonary metastases formed by 231 cells lacking miR-31 ( Fig. 7G,H ; Supplemental Fig. 26B ). Hence, ITGA5 and RDX were able to antagonize the metastasis-specific stimulation of Bim protein levels mediated by acute miR-31 expression.
Collectively, the preceding observations revealed that signaling through the Akt and Bim pathways was perturbed by miR-31 activation in pulmonary metastases but not in primary mammary tumors. These metastasis-specific effects on signal transduction could be explained by miR-31-dependent modulation of ITGA5, RDX, and RhoA.
Discussion
Truly effective therapeutic agents that block and/or reverse the process of tumor metastasis are urgently needed, as >90% of human cancer deaths are attributable to metastatic disease (Gupta and Massagué 2006) . In the present study, we demonstrated that acute activation of miR-31 in already-established breast cancer metastases elicits metastatic regression. These influences arise even when miR-31 is only briefly expressed in advanced macroscopic pulmonary metastases.
Our data indicate that acute expression of miR-31 in such metastases leads to induction of apoptosis within 1 d of activation. This apoptotic response precedes the overt metastatic regression triggered by acute miR-31 expression, which can only be observed beginning 2 d after dox administration. At this time, miR-31 has not yet succeeded in inducing cell cycle arrest in these metastatic foci. Accordingly, it appears that metastasis-specific apoptosis accounts for a significant proportion of miR-31's effects on already-established macroscopic lung metastases. At later time points after miR-31 induction, however, expression of this miRNA triggers both apoptosis and cytostasis. Consequently, the overall effects of miR-31 activation on already-seeded pulmonary metastases at later time points seem to reflect the combined cytotoxic and cytostatic influences of miR-31 induction. At present, a mechanistic explanation for the relatively delayed kinetics of miR-31-imposed cytostasis remains elusive.
A substantial percentage of miR-31's actions on alreadyseeded lung metastases can be mediated through three particular downstream effectors of this miRNA: ITGA5, RDX, and RhoA. This implies that constitutive activation of the signaling networks downstream from ITGA5, RDX, and RhoA may represent a means by which pulmonary metastases can acquire resistance to miR-31-conferred metastatic regression.
We note that miR-31 induction antagonizes the persistence and outgrowth of already-seeded metastases present in both the lungs and bone. In contrast, miR-31 activation fails to affect established liver metastases. These observations are consistent with the ''seed and soil'' model of metastatic colonization, which holds that disseminated tumor cells must make tissue-specific adaptations in order to survive and proliferate in various ectopic tissue microenvironments (Fidler 2003) . Stated differently, they imply that miR-31's anti-metastatic activities derive, at least in part, from its ability to control downstream signaling networks involved in fostering critical interactions between disseminated tumor cells and the specific tissue microenvironments encountered at particular sites of metastasis.
In contrast to these effects on metastases, acute miR-31 expression does not affect the growth of primary mammary tumors. Such metastasis-specific influences imply that one or more components of the microenvironment encountered at certain metastatic sites impose constraints on survival and/or proliferation that are not present at the primary site of growth, once again echoing the ''seed and soil'' model (Fidler 2003) . This notion is reinforced by the observation that even very large macroscopic pulmonary metastases respond quite differently to miR-31 activation than do comparably sized primary breast tumors.
Akt and Bim appear to represent two important signaling nodes that are altered in a metastasis-specific fashion in response to miR-31 induction. Currently, it is unclear why Akt function and Bim protein levels are not similarly responsive to miR-31 activation within the context of primary mammary tumors. We speculate that microenvironmental differences between orthotopic and ectopic sites of growth differentially impact the signaling outputs of the pathways controlled by these two proteins. Such organ-specific reliance on cell survival pathways is not without precedent (Gupta and Massagué 2006) . Interestingly, it has been reported that expression of the Bimencoding mRNA can be antagonized via Akt-dependent inactivation of FOXO3A (Manning and Cantley 2007) . Thus, it is possible that metastasis-specific induction of the Bim protein arises as a direct consequence of attenuated Akt activity in pulmonary metastases where miR-31 has been acutely expressed.
Both 231 cells and MCF7-Ras cells express constitutively activated alleles of the RAS oncogene. Therefore, we cannot formally exclude the possibility that the antimetastatic effects observed upon miR-31 induction might operate only in breast carcinoma cells harboring constitutive Ras activation. However, our finding that acute miR-31 expression fails to impact signaling through the Ras effector pathways involving MAPK and RalGEF strongly argues against the notion that miR-31 acts as a generic negative regulator of Ras-mediated transduction.
Altered expression of miR-31 has been observed in various human tumors. For example, we reported previously that miR-31 levels in primary human breast tumors are inversely associated with the propensity to suffer metastatic relapse (Valastyan et al. 2009b) . Similarly, down-regulation of miR-31 was correlated with acquisition of an invasive phenotype by human bladder carcinomas (Wszolek et al. 2009 ). In addition, reduced miR-31 expression and/or homozygous deletion of the miR-31-encoding genomic locus have been documented across a number of different human tumor types, although exceptions to this pattern of miR-31 down-regulation have also been described .
Despite the fact that metastases are responsible for the overwhelming majority of carcinoma-associated mortality, most existing anti-cancer drugs are designed to reduce primary tumor burden. Moreover, those strategies intended to treat metastatic disease largely act by blocking initial tumor cell dissemination without affecting the proliferation and survival of already-established metastases (Steeg 2006; Smith and Theodorescu 2009) . Indeed, a number of recently devised targeted agents designed to impair metastasis-such as matrix metalloproteinase (MMP) inhibitors (Coussens et al. 2002) , the Axl kinase inhibitor R428 (Holland et al. 2010) , miR-10b antagonists , and the fascin inhibitor Migrastatin (Chen et al. 2010 )-are thought to function principally by blocking tumor cell motility and invasion. If these anti-invasive agents fail to also impair the proliferation and survival of already-seeded metastases, then their ultimate clinical utility will be severely limited, as carcinoma patients often harbor numerous disseminated tumor cells at the time of initial clinical presentation (Gupta and Massagué 2006; Nagrath et al. 2007; Pantel et al. 2008) . In this respect, the limited benefit observed in clinical trials involving MMP inhibitors is not encouraging (Coussens et al. 2002) . Furthermore, preclinical studies with R428, miR-10b antagonists, and Migrastatin directly document a lack of efficacy against already-disseminated tumor cells (Holland et al. 2010; Ma et al. 2010; Oskarsson et al. 2010) .
In contrast to these prior therapeutic targets, miR-31 can antagonize metastasis by impeding the proliferation and survival of already-disseminated tumor cells, including an ability to elicit regression of already-robustly growing macroscopic pulmonary metastases. Accordingly, these unique attributes of miR-31 function raise the possibility that intervention approaches centered on restoring miR-31 activity may prove useful for combating metastatic disease in certain human carcinomas, perhaps even in cases involving highly advanced macroscopic metastatic disease. Recently, several laboratories have described effective methodologies for delivering miRNA mimetics and miRNA-encoding genetic elements in vivo, although significant technological hurdles still remain (Kota et al. 2009; Takeshita et al. 2010; Trang et al. 2010; Wiggins et al. 2010 ). Thus, it may one day be possible to achieve effective delivery of miRNA mimetics to human tumors. Such technical advances, when coupled with the findings of the present study, would provide a strong impetus for further evaluation of the safety and efficacy of miR-31-based therapeutic agents.
Materials and methods
Cell culture and reagents GFP-labeled 231 cells and MCF7-Ras cells have been described (Valastyan et al. 2009b ). LM2 cells were obtained from J. Massagué (Minn et al. 2005) . Stable expression of the indicated plasmids was achieved via lentiviral or retroviral transduction (Valastyan et al. 2009a ). Where denoted, 1.0 mg/mL dox (Sigma) was provided directly in the culture medium.
Xenograft studies
All animal studies complied with protocols approved by the Massachusetts Institute of Technology Committee on Animal Care. In the spontaneous metastasis assays, age-matched female nonobese diabetic severe combined immunodeficiency (NOD/ SCID) mice (propagated on-site) were injected bilaterally into the mammary fat pads with 1.0 3 10 6 cells resuspended in 1:2 Matrigel (BD Biosciences) plus normal growth media. Where denoted, these orthotopically arising primary tumors were surgically resected 1 mo after implantation. In the experimental metastasis assays, age-matched male NOD/SCID mice were injected with 5.0 3 10 5 cells (resuspended in PBS) via the tail vein, or, instead, intracardiac injections were performed using 1.0 3 10 5 cells (resuspended in PBS). For all in vivo analyses, where indicated, dox was added to sucrose-supplemented (10 mg/mL) drinking water at a final concentration of 2.0 mg/mL. The presence of established metastases at times of dox administration was confirmed by euthanizing in parallel mice that had been implanted with the exact same preparation of tumor cells; these mice carried metastases of the expected numbers and sizes. Metastasis was quantified at the indicated time points using a fluorescent dissecting microscope. In our studies, metastatic foci <50 mm in diameter were classified as micrometastases; macroscopic metastases were lesions >50 mm in diameter. Where specified, ''large'' macroscopic metastases were defined as lesions >100 mm in diameter, while ''small'' macroscopic metastases were foci with a diameter between 50 mm and 100 mm.
Immunohistochemistry
Primary tumor and lung histology was assessed by staining paraffinembedded tissue sections with hematoxylin and eosin (H&E). Immunohistochemical detection of Bim (Cell Signaling), CD31 (Cell Signaling), cleaved caspase3 (Cell Signaling), cytokeratin14 (Santa Cruz Biotechnology), mucin1 (Santa Cruz Biotechnology), phosphorylated Akt (phospho-Akt; Cell Signaling), phosphorylated extracellular signal-regulated kinase (phospho-ERK; Cell Signaling), phosphorylated histone H3 (phospho-H3; Cell Signaling), or phosphorylated NF-kB (phospho-NF-kB; Cell Signaling) was performed on 10-mm tissue sections using the indicated antibodies, Vectastain Elite ABC kits (Vector Laboratories), and ImmPACT DAB Substrate (Vector Laboratories) in accord with the manufacturers' instructions. miRNA in situ hybridization miRNA expression was assessed from paraffin-embedded tissue sections using a protocol that we elaborated on previously (Valastyan et al. 2009b ).
Expression analyses from human breast tumors
Microarray data from 295 primary human breast tumors (van de Vijver et al. 2002) were used to categorize tumors as ITGA5, RDX, and RhoA ''high'' or ''low.'' Tumors were considered ''high'' or ''low'' if the normalized expression of all three of these mRNAs resided in the top or bottom 33% of tumors in this cohort, respectively.
Statistical analyses
Data are presented as mean 6 SEM. Unless otherwise noted, a Student's t-test was used for all comparisons, with P < 0.05 considered statistically significant.
